SUMMARY
Mitotic kinesin-14 homodimers that contain an N-terminal nonmotor microtubule-binding tail contribute to spindle organization by preferentially crosslinking two different spindle microtubules rather than interacting with a single microtubule to generate processive motility. However, the mechanism underlying such selective motility behavior remains poorly understood. Here, we show that when a flexible polypeptide linker is inserted into the coiled-coil central stalk, two homodimeric mitotic kinesin-14s of distinct motility-the processive plus-end-directed KlpA from Aspergillus nidulans [1] and the nonprocessive minus-end-directed Ncd from Drosophila melanogaster [2] -both switch to become processive minus-end-directed motors. Our results demonstrate that the polypeptide linker introduces greater conformational flexibility into the central stalk. Importantly, we find that the linker insertion significantly weakens the ability of Ncd to preferentially localize between and interact with two microtubules. Collectively, our results reveal that besides the canonical role of enabling dimerization, the central stalk also functions as a mechanical component to determine the motility of homodimeric mitotic kinesin-14 motors. We suggest that the central stalk is an evolutionary design that primes these kinesin-14 motors for nontransport roles within the mitotic spindle.
RESULTS
Kinesins are microtubule-based motor proteins that convert chemical energy from ATP hydrolysis into mechanical work for various essential processes, such as intracellular cargo transport [3] and mitotic spindle assembly [4] . All kinesins contain a conserved motor domain that hydrolyzes ATP and binds to the microtubule. On the basis of phylogenetic analysis of the motor domains, the kinesin superfamily is divided into 14 subfamilies (kinesin-1 through kinesin-14) and an ''orphan'' group [5] . Kinesin-14s form a unique subfamily, as their motor domains are located near the C terminus, whereas kinesins from other subfamilies have either N-terminal or internal motor domains [6] . With a few exceptions [7] [8] [9] [10] , kinesin-14 motors, as exemplified by Drosophila Ncd [11, 12] , are homodimers composed of an N-terminal nonmotor microtubule-binding tail, a coiled-coil central stalk, a neck, and two C-terminal motor domains [13] .
Kinesin-14 homodimers commonly function inside the mitotic spindle to ensure proper spindle assembly and maintenance by using the N-terminal microtubule-binding tail and the C-terminal motor domains to statically crosslink parallel microtubules at the poles and/or slide antiparallel microtubules with minusend-directed motility at the midzone [14] . These kinesin-14 motors are hereinafter referred to interchangeably as homodimeric mitotic kinesin-14s or mitotic kinesin-14 homodimers. Consistent with their mitotic activities, homodimeric mitotic kinesin-14s robustly interact with pairs of microtubules in vitro [1, 2, 15, 16] . Several kinesins from other subfamilies are known to either achieve processive motility [17] or gain enhanced processivity [18, 19] via nonmotor microtubule-binding domains. In addition, the yeast kinesin-14 Kar3 generates processive minus-end-directed motility on single microtubules by forming a heterodimer with the nonmotor microtubule-binding proteins Cik1 or Vik1 [20, 21] . However, despite having an auxiliary microtubule-binding tail, all homodimeric mitotic kinesin-14s studied to date are unable to produce processive minus-enddirected motility on single microtubules as individual homodimers. To further complicate matters, it was recently shown that KlpA-a mitotic kinesin-14 homodimer from Aspergillus nidulans-not only interacts with pairs of microtubules with canonical minus-end-directed motility, but also unexpectedly exhibits processive plus-end-directed motility on single microtubules as a homodimer [1] . Thus, it is unclear whether there exists a common mechanism that governs the motility of mitotic kinesin-14 homodimers.
KlpA Switches Directionality with an Extra Polypeptide Linker in the Central Stalk As illustrated in Figure 1A , we previously proposed that when KlpA interacts with a single microtubule via both its N-terminal tail and C-terminal motor domains, it adopts a bent configuration that induces internal mechanical strain to drive the motor for processive plus-end-directed motility [1] . This model implies that one may be able to alter the directionality of KlpA on single microtubules by disrupting the coiled-coil structure of the central stalk to relax such mechanical strain ( Figure 1A) . To test this model, we engineered and purified two different KlpA constructs: GFPKlpA-WT and GFP-KlpA-3xGS ( Figures 1B and S1A ). Compared to GFP-KlpA-WT, GFP-KlpA-3xGS contains a glycine-serine linker (3xGS) inserted within the central stalk next to residue D302 ( Figure 1B) . Based on the coiled-coil analysis using the program MARCOIL [22] , the central stalk of KlpA-3xGS contains two hinges that are absent in the wild-type KlpA-WT ( Figure 1C) . See also Figure S1 and Video S1.
Like GFP-KlpA-WT [1] , purified GFP-KlpA-3xGS is predominantly homodimeric in solution ( Figure S1B ). However, despite their nearly identical molecular weights, GFP-KlpA-3xGS sedimented more rapidly than GFP-KlpA-WT in the sucrose gradient centrifugation assay ( Figure 1D ) and migrated slower than GFP-KlpA-WT in the gel filtration assay ( Figures S1C and S1D ). These results imply that the linker insertion confers greater mechanical flexibility on the central stalk of KlpA and allows KlpA-3xGS to adopt a less extended configuration [23] . We next performed total internal reflection fluorescence (TIRF) microscopy experiments to compare the motility of GFP-KlpA-WT and GFP-KlpA-3xGS on single surface-immobilized microtubules. In agreement with the previous study [1] , GFP-KlpA-WT exhibited processive plus-end-directed motility on the microtubules (Figure 1E , arrowheads; Video S1, left). In contrast, GFPKlpA-3xGS, when imaged at high input levels (R4.5 nM), formed a steady minus-end-directed flux on single microtubules ( Figure 1F ; Video S1, middle). At lower protein input levels (%0.2 nM) that allowed individual kinesin molecules to be distinguished, GFP-KlpA-3xGS clearly exhibited processive minusend-directed motility on the microtubules ( Figure 1G ; Video S1, right). Quantitative kymograph analysis revealed that GFPKlpA-3xGS moved on single microtubules with a run length of 4.9 ± 1.0 mm (mean ± SE, n = 182; Figure 1H ). GFP-KlpA-3xGS motility was interspersed with short plus-end-directed excursions ( Figure 1G , arrowheads). Consistent with this observation, mean square displacement (MSD) analysis showed that the motility of GFP-KlpA-3xGS on single microtubules contained a combination of directional movement (V = 188 ± 2 nm/s, mean ± SE, n = 123) and one-dimensional diffusion (D = 0.006 ± 0.001 mm 2 /s, mean ± SE, n = 123) ( Figure 1I ). It is worth emphasizing that the observed minus-end-directed processive motility is not due to inadvertent motor coupling and/or clustering [24, 25] but rather an intrinsic behavior of GFP-KlpA-3xGS, as the kinesin motor exists predominantly as a homodimer in solution ( Figure S1B ). Collectively, these results show that the motility of KlpA on single microtubules critically depends on the mechanical flexibility of the central stalk.
Ncd Gains Processive Motility with an Extra Polypeptide Linker in the Central Stalk
The motility of GFP-KlpA-3xGS prompted us to ask how altering the mechanical flexibility of the central stalk may affect the motility of other mitotic kinesin-14 homodimers. To address this, we engineered and purified GFP-Ncd-WT and GFPNcd-3xGS (Figures 2A and S2A ). Compared to GFP-Ncd-WT, GFP-Ncd-3xGS contains an insertion of a 3xGS linker within the central stalk next to T271 (Figure 2A ). GFP-Ncd-WT and GFP-Ncd-3xGS both existed predominantly as homodimers in solution ( Figures S2B and S2C ). Similar to KlpA ( Figure 1C ), the 3xGS linker insertion was predicted to introduce a flexible hinge into the central stalk of Ncd-3xGS ( Figure 2B ). In agreement with this prediction, GFP-Ncd-3xGS sedimented more rapidly than GFP-Ncd-WT in the sucrose gradient centrifugation assay (Figure 2C ) and migrated slower than GFP-Ncd-WT in the gel filtration assay ( Figures S2D and S2E ), despite having nearly the same molecular weight as GFP-Ncd-WT.
We next compared the motility of GFP-Ncd-WT and GFP-Ncd3xGS on single microtubules by TIRF microscopy. Consistent with a previous study [2] , individual GFP-Ncd-WT molecules rapidly moved back and forth on single microtubules with no directional preference ( Figure 2D ; Video S2, left). In contrast, GFP-Ncd-3xGS clearly showed processive minus-end-directed motion on single microtubules (Figures 2E and 2F ; Video S2, middle and right). Quantitative kymograph analysis showed that GFP-Ncd-3xGS moved on single microtubules with a run length of 11.2 ± 2.7 mm (mean ± SE, n = 300; Figure 2G ). Like GFP-KlpA3xGS, the motility of GFP-Ncd-3xGS on single microtubules contained a mixture of both directional movement (V = 207 ± 1 nm/s, mean ± SE, n = 103) and one-dimensional diffusion (D = 0.001 ± 0.001 mm 2 /s, mean ± SE, n = 103) ( Figure 2H ). These results imply that increasing the flexibility of the central stalk can enable nonprocessive kinesin-14 motors to gain processive minus-end-directed motility on single microtubules.
Processive Ncd Fails to Enrich Strongly in Microtubule Overlaps
Ncd contains the ability to robustly interact with pairs of microtubules via its N-terminal tail and C-terminal motor domains [2] , a property that is believed to be crucial for its physiological function(s) within mitotic spindles. We wanted to determine how this ability of Ncd might be affected by the linker insertion that confers minus-end-directed processivity. To do that, we performed an in vitro localization assay to compare the enrichment of GFP-Ncd-WT and GFP-Ncd-3xGS in the overlap region of parallel microtubule pairs ( Figure 3A ). Parallel microtubule pairs were first formed by crosslinking a surface-immobilized track microtubule and a cargo microtubule ( Figure 3A ) using KlpA [1] . GFP-Ncd-WT or GFP-Ncd-3xGS was then introduced to the flow chamber for three-color time-lapse TIRF microscopy, and the fluorescence intensity distribution of the kinesin-14 motor on the track microtubule was recorded as soon as it was added to the flow chamber. We observed that GFP-Ncd-WT preferentially accumulated in the microtubule overlap region over time ( Figure 3B ; Video S3). In contrast, GFP-Ncd-3xGS did not show preferential accumulation in the overlap region (Figure 3C ; Video S4), and instead strongly accumulated at the minus end of the track microtubule ( Figure 3C , green arrowhead), similar to its behavior on single microtubules ( Figure 2E ). For both GFP-Ncd-WT and GFP-Ncd-3xGS, we further calculated the ratio of the GFP fluorescence density in the overlap region (r o ) to that in the region downstream of the cargo microtubule minus end on the same track microtubule (r d ) over time from each experiment to determine the time-averaged GFP fluorescence density ratio (r o /r d ; Figure 3D ). Our analysis showed that the mean time-averaged GFP fluorescence density ratio (<r o /r d >) was significantly higher for the motility-deficient GFPNcd-WT than for the motility-enhanced GFP-Ncd-3xGS (Figure 3E) . Thus, the linker insertion, which softens the mechanical stiffness of the central stalk and enables Ncd to gain processive minus-end-directed motility on single microtubules, has significantly compromised the ability of Ncd to preferentially interact with two different microtubules.
DISCUSSION
In this study, we have revealed that KlpA and Ncd-two mitotic kinesin-14 homodimers of drastically different motility-can both be converted to processive minus-end-directed motors via a common strategy that inserts a flexible polypeptide linker into the coiled-coil central stalk. This is an unexpected, yet important, finding because the central stalk is commonly believed to mainly act as a structural component to enable kinesin dimerization [26, 27] . Thus, our study markedly expands the current view of the design and operation principles of mitotic kinesin-14 homodimers.
Based on our results, we propose the following model as a possible explanation for the motility of KlpA and Ncd on single microtubules: (1) in wild-type KlpA and Ncd, the central stalk additionally acts as a rigid mechanical component that tightly couples the N-terminal tail and the C-terminal motor domain; (2) in order to bind to a single microtubule simultaneously with the N-terminal tail and the C-terminal motor domain, KlpA and Ncd must adopt a bent conformation with high internal mechanical strain; (3) Ncd is unable to persistently accommodate such a strained conformation and therefore fails to achieve processive motility on single microtubules; and (4) such a strained conformation is permissible for KlpA, See also Figure S2 and Video S2.
but the internal mechanical strain hinders the neck rotation toward the microtubule minus end [28] and thus causes KlpA to display noncanonical plus-enddirected motility [1] . How does the insertion of a polypeptide linker into the central stalk enable both KlpA and Ncd to become processive minus-end-directed motors? Our results show that both linker mutants (GFP-KlpA3xGS and GFP-Ncd-3xGS) contain a flexible central stalk that loosely joins the N-terminal tail and the C-terminal motor domain ( Figures 1C, 1D, 2B, and 2C) . Based on our model, both linker mutants are permitted to bind to a single microtubule without having to adopt a strained conformation; this allows the N-terminal tail to become an effective microtubule tether and thus enables the linker mutants to move processively on single microtubules with the canonical minus-end directionality. It is worth emphasizing that although our model can qualitatively explain the motility of both KlpA and Ncd on single microtubules, many important mechanistic details remain undetermined. For example, it is currently unclear whether the central stalk is under tension or compression when wild-type KlpA adopts a strained conformation on single microtubules. To further validate and refine our model, future studies will need to resolve whether the N-terminal tail domain leads or trails behind the C-terminal motor domain as KlpA and Ncd (and those processive linker mutants) move on single microtubules.
What is the advantage of having a rigid central stalk? It is important to remember that mitotic kinesin-14 homodimers are generally not transport kinesins, and primarily function to crosslink and/or slide two different spindle microtubules. It is therefore not desirable for a mitotic kinesin-14 homodimer to have a flexible central stalk, as this would allow the N-terminal tail to have a high tendency to bind to the same microtubule as the motor domain, thus compromising the ability of the kinesin-14 motor to preferentially interact with two different microtubules. Indeed, our results show that although the insertion of a polypeptide linker enables Ncd to gain processive minus-end-directed motility on single microtubules ( Figure 2F ), it markedly weakens the ability of Ncd to preferentially localize to the overlap regions of microtubule pairs (Figures 3B-3E) . We speculate that the central stalk is an evolutionary adaptation that primes mitotic kinesin-14 homodimers for nontransport roles within the mitotic spindle. In the future, systematic in vivo studies are needed to directly assess cell-division phenotypes associated with these processive linker mutants. In addition, a recent study shows that two kinesin-14 motors from the land plant Physcomitrella patens drive minus-end-directed transport along microtubules [29] , so it will be important to determine whether the central stalk plays any noncanonical role(s) in the microtubule-based motility of these kinesin-14 motors.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Protein expression in E.coli All protein constructs were expressed in BL21(DE3) Rosetta cells (Novagen). Cells were grown at 37 C in TPM supplemented with 50 mg/mL ampicillin and 30 mg/mL chloramphenicol until OD 600 = 0.8. To prepare TPM, dissolve 20 g of trypsin, 15 g of yeast extract, 8 g of NaCl, 2 g of Na 2 HPO 4 and KH 2 PO 4 in 1 L distilled water, and adjust pH to 7.0. Expression was induced with 0.1 mM IPTG for 12-14 hr at 20 C. Cells were harvested by centrifugation, flash-frozen in liquid nitrogen, and stored at À80 o before protein purification.
Protein Purification
For protein purification, cell pellets were re-suspended in 50 mM sodium phosphate (NaP i ) buffer (pH 7.2) containing 250 mM NaCl, 1 mM MgCl 2 , 0.5 mM ATP, 10 mM b-mercaptoethanol, and 20 mM imidazole in the presence of a protease inhibitor cocktail and then lysed via sonication. After centrifugation, soluble protein in the supernatant was purified by Talon resin (Clontech) and eluted into 50 mM NaP i buffer (pH 7.2) containing 250 mM NaCl, 1 mM MgCl 2 , 0.5 mM ATP, 10 mM b-mercaptoethanol, and 250 mM imidazole. Protein was then flash frozen in liquid nitrogen and stored at À80 C.
METHOD DETAILS
Molecular Cloning of Recombinant Kinesin-14 Constructs cDNAs of both KlpA and Ncd were codon-optimized and synthesized (IDT) for enhanced protein expression in bacteria. All recombinant KlpA and Ncd constructs were integrated in a modified pET-17b vector (Novagen) using either isothermal assembly or the Q5 site-directed mutagenesis kit (NEB) and verified by DNA sequencing (Genescript). All constructs contained an N-terminal 6xHis-tag for affinity purification.
Sucrose Gradient Centrifugation
For the sucrose gradient centrifugation assay, 100 mL of purified protein (GFP-KlpA-WT, GFP-KlpA-3xGS, GFP-Ncd-WT or GFPNcd-3xGS) was loaded on the top of a 5%-17% sucrose gradient prepared in BRB50 with 25 mM KCl as previously described [30] . The gradient was centrifuged at 150,000 g at 4 C for 18 hr. Fractions (420 mL) were collected from the top and analyzed by the standard SDS-PAGE. The peak fraction was determined by fitting the protein band intensities to a Gaussian distribution.
Gel filtration chromatography
Purified protein (GFP-KlpA-WT, GFP-KlpA-3xGS, GFP-Ncd-WT, or GFP-Ncd-3xGS) was analyzed on an Ä KTA system using a HiLoad 16/600 Superdex 200 prep grade column (GE Healthcare). The column was equilibrated with BRB50 (50 mM PIPES, pH 6.8, 1 mM EGTA and 1mM MgCl 2 ) supplemented with 100 mM KCl and 10 mM ATP. Absorbance was monitored at 280 nm, and fractions (1 mL) were analyzed by the standard SDS-PAGE. The peak fraction was determined by fitting the band intensities to a Gaussian distribution.
Polarity-Marked Microtubules
All taxol-stabilized polarity-marked microtubules [tetramethylrhodamine (TMR), and HiLyte 647] with bright plus-ends were prepared as previously described [31] . To make the polarity-marked microtubules, a dim tubulin mix (containing 17 mM unlabeled tubulin and 0.8 mM fluorescently-labeled tubulin) was first incubated in BRB80 (80 mM PIPES, pH 6.8, 1 mM EGTA and 1mM MgCl 2 ) with 0.5 mM GMPCPP (Jena Bioscience) at 37 C for 2 hr to make dim microtubules, and then centrifuged at 250,000 g for 8 min at 37 C in a TLA100 rotor (Beckman). The pellet was re-suspended in a bright tubulin mix [containing 7.5 mM unlabeled tubulin, 4 mM fluorescently-labeled tubulin, and 15 mM N-ethylmaleimide (NEM)-tubulin] in BRB80 with 0.2 mM GMPCPP and incubated at 37 C for additional 30 min to cap the plus ends. The resulting polarity-marked microtubules were pelleted at 20,000 g for 8 min at 37 C in the TLA100 rotor and finally re-suspended in BRB80 with 40 mM taxol. For making track microtubules used in single-molecule assays and microtubule-sliding assays, the dim tubulin mix also included additional 17 mM biotinylated tubulin.
Total Internal Reflection Fluorescence Microscopy
All time-lapse imaging experiments were performed at room temperature using the Axio Observer Z1 objective-type TIRF microscope (Zeiss) equipped with a 100x 1.46 NA oil-immersion objective and a back-thinned electron multiplier CCD camera (Photometrics). To reduce nonspecific surface absorption of molecules, all experiments used microscope coverslips that were functionalized with biotin-PEG as previously described [32] . All time-lapse imaging experiments in this study used flow chambers that were made by attaching a coverslip to a microscope glass slide by double-sided tape.
e2 Current Biology 28, 2302-2308.e1-e3, July 23, 2018 Single-Molecule Photobleaching Assay For the single-molecule photobleaching assays, each GFP-tagged kinesin construct (GFP-KlpA-3xGS, GFP-Ncd-WT and GFP-Ncd3xGS) was diluted and bound to surface-immobilized HyLite 647-microtubules in BRB50 supplemented with 25 mM KCl, 20 mM taxol, and 1.3 mg/mL casein. Time-lapse images were continuously recorded with 200-ms exposure until the field of view was bleached. The number of photobleaching steps of individual kinesin molecules was obtained by tracking the fluorescence intensity in ImageJ (NIH).
In Vitro Single-Molecule Motility Assay For all in vitro motility experiments, the motility chamber was perfused with 0.5 mg/mL streptavidin for immobilizing polarity-marked HyLite 647-microtubules. GFP-tagged kinesin molecules (GFP-KlpA-WT, GFP-KlpA-3xGS, GFP-Ncd-WT and GFP-Ncd-3xGS) were each diluted in motility buffer (BRB50 supplemented with 25 mM KCl, 1 mM ATP, 20 mM taxol, 1.3 mg/mL casein, and an oxygen scavenger system [33] ) and added to the chamber. Except for the mean square displacement analysis data, all time-lapse images were acquired at 1 frame per second for 5 min with 100-ms exposure time. Mean square displacement data were at 4.3 frames per second for 2 min with 100-ms exposure time. Kymographs were generated and analyzed in ImageJ (NIH) for determining directionality and run-length information of GFP-tagged kinesin motors. Only those kymograph lines containing at least 4 pixels on both the Xand Y-axes in the kymographs were included in the analysis. Run-length was determined by fitting the histogram to an exponential distribution in MATLAB (MathWorks)
In Vitro Localization Assay The in vitro localization assay was modified from the microtubule-sliding assay as previously described [1] . Briefly, polarity-marked track microtubules, the unlabeled fungal kinesin-14 KlpA and polarity-marked cargo microtubules were added to the flow chamber sequentially to build parallel microtubule pairs. GFP-Ncd-WT (or GFP-Ncd-3xGS) in the motility buffer (BRB50 supplemented with 25 mM KCl, 10 mM ATP, 20 mM taxol, 1.3 mg/mL casein, and an oxygen scavenger system [33] ) was next added to the flow chamber, and three-color time-lapsed TIRF microscopy images were acquired to determine the distribution of GFP-Ncd-WT and GFP-Ncd3xGS near and in the microtubule overlap regions on the track microtubule as soon as the motor was introduced to the flow chamber.
QUANTIFICATION AND STATISTICAL ANALYSIS
Sucrose Gradient Centrifugation To determine the peak fractions for GFP-Ncd-WT, GFP-Ncd-3xGS, GFP-KlpA-WT and GFP-KlpA-3xGS, at least three independent experiments for each protein were performed ( Figures 1D and 2C ). All proteins were freshly purified before loading onto a 5%-17% sucrose gradient.
Run-length Measurement
To determine the run-lengths of GFP-KlpA-3xGS and GFP-Ncd-3xGS, kymographs were generated and analyzed in ImageJ (NIH). Run-length was determined by fitting the histogram to an exponential distribution in MATLAB (MathWorks). The run-length of GFP-KlpA-3xGS was determined to be 4.9 ± 1.0 mm (mean ± SE, N R 10 slides, n = 182 motors, Figure 1H) ; the run-length of GFP-Ncd-3xGS was determined to be 11.2 ± 2.7 mm (mean ± SE, N R 10 slides, n = 300 motors, Figure 2G ).
Mean Squared Displacement (MSD) Analysis
To perform the MSD analysis of GFP-KlpA-3xGS and GFP-Ncd-3xGS, single-molecule motility data were acquired with 100-ms exposure time and 130-ms interval for a total duration of 2 min. Sub-pixel XY coordinates of motile motor molecules were determined using TrackMate (http://fiji.sc/TrackMate). The analysis used 123 and 103 trajectories for GFP-KlpA-3xGS and GFP-Ncd-3xGS, respectively ( Figures 1I and 2H) . MSD values were computed from these XY coordinates using the formula as previously described [34] . MSD-versus-time plots were analyzed by fitting curves to data using nonlinear regression in MATLAB.
In Vitro Localization Assay
To calculate the mean time-averaged fluorescence density ratio (<r o /r d >) of GFP-Ncd-WT and GFP-Ncd-3xGS, at least 10 movies were used for each construct (Figures 3D and 3E ).
DATA AND SOFTWARE AVAILABILITY
MATLAB scripts for run-length and MSD analysis and the original data have been uploaded to Mendeley Data at https://doi.org/10. 17632/djv24xtbgy.1.
